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EXHAUST-GAS TURBINE GEARED TO THE CRANKSHAFT 


By Richard W. Hanttdm and Richard H. Zqulesran 


SUMMARY 

Calculation* based on dynamometer test-stand data obtained 
on an 18-cylinder radial engine were made to determine the 
improvement in fuel consumption that can be obtained at carious 
altitudes by gearing an exhaust-gas turbine to the engine crank- 
shaft in order to increase the engine-shaft work. 

The calculations indicated that, for turbine and auxiliary 
supercharger efficiencies of 88 percent, minimum net brake 
specific fuel consumptions of 0J357 pound per brake horsepower- 
hour at an altitude of IOjOOO feet and of 0JS23 pound per brake 
horsepower-hour at 80,000 feet can be obtained by gearing the 
exhaust-gas turbine to the engine crankshaft and operating the 
engine at a speed of 2000 rpm, an inlet-manifold pressure 
of 40 inches of mercury absolute, and a fuel-air ratio of 0J068. 

The reduction in net brake specific fuel consumption that can 
be obtained if the exhaust-gas turbine supplies all the auxiliary 
supercharger power and if its residual power is transmitted 
through gears to the engine crankshaft, as compared with auxil- 
iary turbosupercharging, is approximately 14 percent at an 
altitude of 10,000 feet and 21 percent at 80,000 feet. 

The net brake specific fuel consumption with a geared turbine 
is a minimum for engine exhaust pressures approximately 25 
percent above inlet-manifold pressure and varies only slightly 
from the minimum for a range of exhaust pressures from 5 to 
45 percent above inlet-manifold pressure. 

INTRODUCTION 

The use of an exhaust-gas turbine to drive a supercharger 
at high altitudes is an effective method of maint aining sea- 
level engine power at altitude. Analysis has shown, however, 
that the waste energy of exhaust gaBes is recovered more 
effectively by maintaining an engine exhaust pressure higher 
than the minimum required for turbosupercharging and thus 
increasing the work output of the exhaust-gas turbine. The 
extra turbine power beyond that required for supercharging 
can be supplied to the engine cra nksh aft through suitable 
gearing (compound operation). 

The purpose of the analysis reported is to determine the 
improvement in net brake specific fuel consumption that can 
be obtained if an engine is equipped with a geared turbine 
and supercharger as compared with the engine using a stand- 
ard turbosupercharger. The calculated values of specific fuel 
consumption presented for an engine-turbine combination 
were based on NAOA test data obtained on an 18-cylinder 


radial engine. Operating conditions for which the brake 
specific fuel consumption of the combination is a minimum 
are given. The required turbine-nozzle area is also calcu- 
lated to indicate the size of turbine suitable for geared 
operation. 

Because the engine, the turbine, and the supercharger 
have different characteristics, elements designed to give maxi- 
mum efficiency at some operating conditions are incorrectly 
matched at other conditions. Provision must therefore be 
made to obtain satisfactory performance over the entire 
operating range. The problem of obtaining a wide operating 
| range is briefly discussed. 

The investigation reported was conducted at the NACA 
Cleveland Laboratory in the fall of 1944. 

METHODS 

This analysis is based on dynamometer test-stand data 
obtained with an 18-cylinder radial engine operated at various 
speeds, inlet-manifold pressures, and exhaust pressures. The 
data were obtained with the carburetor-inlet pressure 
adjusted by a butterfly valve in the charge-air intake pipe 
ahead of the engine to provide the desired inlet-manifold pres- 
sure with wide-open engine throttle in all runs. Pertinent 
specifications of the engine are as follows: 


Displacement, cubic inches 2804 

Compression ratio 8.65 

Valve timing: 

Inlet opens, degrees B. T. C 20 

Inlet closes, degrees A. B. C 76 

Exhaust opens, degrees B. B. C 70 

Exhaust closes, degrees A. T. C 20 

Valve overlap, degrees 40 

Engine-stage supercharger impeller diameter, inches 11 

Engine-stage supercharger gear ratio 7.6:1 

Spark advance, degrees B. T. C 26 


The test data and the values of air flow and brake horse- 
power, corrected to a carburetor-air temperature of 90° F, 
are shown in table I. Although the carburetor-air tempera- 
tures obtained in flight depend upon the amount of auxiliary 
supercharging and intercooling used, the arbitrary use of a 
temperature of 90° F for all calculations was considered 
justified in this analysis because specific fuel consumption is 
almost independent of carburetor temperature. The engine 
performance at an engine speed of 2000 rpm and a fuel-air 
ratio of 0.003 for various engine exhaust pressures, obtained 
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TABLE I.— SUMMARY OP PERTINENT TEST DATA ON 18-CYLINDER RADIAL AIRCRAFT ENGINE 
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at an inlet-manifold pressure of 38 inches of mercury absolute, 
was extrapolated to an inlet-manifold pressure of 40 inches of 
mercury absolute. These data are listed in table II. 

TABLE II— ESTIMATED PERFORMANCE OF 18-CYLINDER 
RADIAL AIRCRAFT ENGINE _ . 

[Engine speed, 3000 rpm; inlet-manifold preoure, 40 in. Hg absolute; fcel-eir ratio, 0.063; 
oarburo tor-air temperature, 00° F; oarboretor-elr pressure, 3746 In. Hg tbsdate] 
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For the computation of net brake horsepower of Iho com- 
bination, the auxiliary supercharger and the turbino were 
assumed to be on the same shaft and the difference between 
their powers to be transmitted through gears to the engine 
crankshaft. The exhaust-gas temperatures used in com- 
puting turbine power are included in tables I and II. The 
temperatures in table I were measured approximately 1J4 
feet downstream of the junction of the two halves of the 
exhaust manifold. The calculated turbine work is that re- 
sulting from expansion of the entire engine exhaust-gas flow 
from engine exhaust static pressure to the altitude atmos- 
pheric pressure. The calculated auxiliary supercharger power 
is that required to compress the engine combustion-air flow 
from the altitude atmospheric static pressure to the engine 
carburetor pressure. All supercharger computations pro- 





































































































ECONOMY OF 18-CYLTNDEE WADTAT. ENGINE WITH EXHAUST-GAS TtJBBINB GEARED TO CRANKSHAFT 


229 


sented relate to tlie auxiliary supercharger because the 
power of the engine-stage supercharger is contained in the 
measured engine power listed in the tables of data. Super- 
charger and turbine efficiencies of 85 percent were used 
in most of the computations. In addition, some computa- 
tions were made with efficiencies of 70 percent in order to 
show the effect of supercharger and turbine efficiencies on 
performance of the combination. A gear efficiency of 95 
percent was used for the calculations. The net power, when 
the turbine power is greater than the supercharger power, 
therefore is: 

engine power+0.95 

(turbine power— auxiliary supercharger power) 


The fuel flow was divided by the net power to give a net 
brake specific fuel consumption for the combination. 

At each condition computed, the supercharger and the 
turbine were assumed to be matched to the engine for opera- 
tion with engine throttle full open and turbine waste gate 
closed. 

DISCUSSION OF CURVES 

The variation of exhaust-gas temperature with engine 
exhaust pressure at two fuel-air ratios and three inlet- 
manifold pressures at an engine speed of 2000 rpm is presented 
in figure 1. 

Variation of the gas constant for exhaust gas with fuel-air 
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used in the equations of reference 1 to compute the turbine 
power. The values of the ratio of mean specific heats are 
accurate for expansion from the exhaust-gas temperatures 
through a pressure ratio of 3, and a negligible error is intro- 
duced in the range of pressure ratios, considered. 

The net brake specific fuel consumption of the engine- 
turbine-supercharger combination at various engine speeds 
for a fuel-air ratio of 0.085, an inlet-manifold pressure of 40 
inches of mercury absolute, and an altitude of 30,000 feet is 
given in figure 3 . This figure indicates that minimum specific 
fuel consumption can be obtained at a speed of approximately 
2000 rpm. Because it is reasonable to expect that this 
speed will also give minimum specific fuel consumption for 
fuel-air ratios less than 0.085, all subsequent curves are 
plotted for a speed of 2000 rpm. 

The variation in net brake specific fuel consumption of the 
combination with engine exhaust pressure at an engine speed 
of 2000 rpm, an altitude of 30,000 feet, and at various 
inlet-manifold pressures and fuel-air ratios is shown in figure 
4. For a fuel-air ratio of 0.086, the minimum net brake 



Ftoubb 4. — Variation at net brake tpedflo fuel consumption with engine exhaust pressure at 
various Inlet-manifold pressures end ftzeMr ratios. 18-ay Under radial aircraft engine with 
geared turbine and supercharger; engine speed, 3000 rpm; altitude, tOfiOO feet; oerburetor- 
air temperature, 00° F; turbine and supercharger efficiencies, 85 percent; gear efficiency, 85 
percent. 

specific fuel consumption decreases as inlet-manifold pressure 
is increased; a large drop in net brake specific fuel consump- 
tion also occurs when the fuel-air ratio is decreased from 
0.085 to 0.063. The effect of reducing fuel-air ratio is much 


greater than that of increasing inlet-manifold pressure, it 
may be concluded that the most efficient operation occurs at 
a fuel-air ratio of approximately 0.063 and at the highest inlet- 
manifold pressure permissible from considerations of engine 
knock and cooling. At a fuel-air ratio of 0.003 and an engine 
speed of 2000 rpm, using AN-F-28, Amendment '2, fuel, 
incipient knock occurred during tests at an inlet-manifold 
pressure of 39 inches of mercury absolute and an engine 
exhaust pressure of 28 inches of mercury absolute. The 
knock became progressively worse as exhaust pressure was 
increased. The runs at this fuel-air ratio were therefore 
limited to an inlet-manifold pressure of 38 inches of mercury 
absolute. Figure 5 presents curves of net brake horse- 
power of the combination that correspond to the specific- 
fuel-consumption curves of figure 4. 



Figcbb 5.— Variation of net brake horsepower with engine exlmust pawn* it various Inlet- 
imuilfold pressure# and futl-air ratio* 18-ay Under radial aircraft engf no with georad tui blue 
and supercharger; engine speed, 3000 nun; altitude, 30,000 feet: carburetor-air tempera- 
ture, 90 s F; turbine and supercharger effidendes, 85 percent; gear efficiency, 85 percent. 



Fracti i).— V» rl»tlon of net broke bone power and brake specific tori ronunn ption with 
endue exhaust presmre at varkmi altlmdef. 18-cy Under radial aircraft engine irttii geared 
turbine and supercharger; fnel-afr ratio, 0.083; engine speed, 2000 rpm; iniet-manflbM 
pressure, 38 Inches of mercury absolute; earbnretor-alr temperature, BO* F; turbine and 
supercharger efficiencies, 88 percent; gear efficiency, BS percent. 


2000 rpm, an inlet-manifold pressure of 38 inches of 
mercury absolute, and a fuel-air ratio of 0.063 at various 
altitudes and engine exhaust pressures. Similar curves were 
calculated nasuming a fuel having a higher knock rating than 
AN-F-28 in the lean range for an inlet-manifold pressure of 
40 inches of mercury absolute, based on the extrapolated per- 
formance given in table II (fig. 7}. In figure 7, maximum 
net power at an altitude of 30,000 feet occurs at an engine 
exhaust pressure of approximately 33 inches of mercury ab- 
solute. Minimum net brake specific fuel consumption at an 
altitude of 30,000 feet occurs at an engine exhaust pressure 
of approximately 60 inches of mercury absolute. Thera is 
a trend toward lower optimum engine exhaust pressure at 


higher altitudes, but the curves are flat and little change in 
net brake specific fuel consumption occurs between engine 
exhaust pressures of 42 and 60 inches of mercury absolute. 
In general, net brake specific fuel consumption is a minimum 
for engine exhaust pressures approximately 25 percent above 
inlet-manifold pressure and varies only slightly from the 
minimum for a range of exhaust pressures from 6 to 45 per- 
cent above inlet-manifold pressure. The minimum net brake 
specific fuel consumptions at 10,000 and 30,000 feet are 0.367 
and 0.323 pound per brake horsepower-hour, respectively. 
If the system is designed to operate at the exhaust pressure 
for maximum net power, a sacrifice in specific fuel consump- 
tion of approximately 3 percent would result. 
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Table III shows the power produced by the engine and 
the turbine and the power required for the auxiliary 
supercharger. 

For comparison with the optimum geared-turbine arrange- 
ment, cross curves are shown in figures 6 and 7 that represent 
the following cases: 

(а) Engine with geared auxiliary supercharger and no 

turbine 

(б) Engine with ungeared auxiliary turbosupercharger 
Current turbosupercharger operation with closed waste gate 
is approximated by case (5). Figure 7 indicates a reduction, 
in net brake specific fuel consumption of 21 percent at an 
altitude of 30,000 feet and 14 percent at 10,000 feet with the 
optimum geared-turbine arrangement, as compared with 
case ( b ). 


Calculations were also made for caso (a) with individual 
exhaust stacks for auxilliaiy jet proptilsion, assuming the 
optimum stacks for no engine-power loss, a speed of 350 
miles per hour, and a propeller efficiency of 85 percent. The 
stacks provide an effective increase in engino shaft power of 
162 horsepower at 10,000 feet and 203 horsepower at 30,000 
feet. The net brake specific fuel consumption is reduced to 
0.375 pound per brako horsepower-hour at 10,000 feet and 
0.401 pound per brake horsepower-hour at 30,000 feet. The 
net brake specific fuel consumption obtained for cose (a) 
with individual exhaust stacks for auxiliary jet propulsion 
was lower than that obtained for the engine with ungeared 
auxiliary turbosupercharger (caso (6)) at 10,000 feet, equal 
at 30,000 feet, but higher than that obtained with compound 
operation at both altitudes. 


TABLE III.— ENGINE, TURBINE, AND AUXILIARY SUPERCHARGER POWERS 

[Engine ipoed, 2000 rpmj inkt-manlfoM preaure, 40 In. Hf tbs.; fuel-air ratio, 0083] 


Engine 

exhaost 

proNora 

(In-Hgabe.) 

Hn»fnA 

POOTT 

(bhp) 

Turbine 

86j»raent 

c&3r 

Auxiliary 

anper- 

obwpr 

A 

turbine 
power, 
fl# percent 

Net 

power 

fbhp) 

Turbine 

TOjxroMit 

AuzWery 

super- 

charger 

JSShL 

efficiency 

(bhp) 

Excew 

turbine 

8^percent 

Net 

power . 
(bhp) 

efllcienoy 

(bhp) 

efficiency 

(bhp) 

(MiP) 

efficiency 

(bhp) 

AJtitu&e, 10,000 feet f 

i 

30.66 

1387 

0 

17 

-38 

1218 

0 

46 

-a 

1301 

30.00 

1301 

164 

16 

112 

1313 

127 

44 

71 

1272 

40.00 

1137 

2fi2 

36 

206 

1338 

301 

42 

140 

1957 ! 

80.00 

1043 

HI 

33 

263 

1306 

366 

41 

183 

1926 

00.00 

063 

344 


307 

1140 

at 

30 

107 

lira 

Altitnde, | 30,000 feet 

13.76 

1380 

0 

00 

-06 

1104 

0 

100 

-128 

1161 

30.00 

1360 

■MB 

80 

86 

1326 

130 

108 

10 

1170 

30.03 

1301 

306 

86 

206 

1400 

ara 

105 

125 

1820 

4a oo 

1130 

388 

81 

see 

1410 

no 

101 

185 

1919 

60.00 

1043 

433 

70 

336 

1870 

886 

07 

230 

1903 

60.00 

063 

483 

78 

660 

1811 

373 

03 

230 

mi 

Altitude, 30,000 bet I 

8.88 

w 

0 

146 

-104 

1161 

0 

177 

-300 

1007 

10.00 

1303 

62 

146 

-00 

1103 

43 

17? 

-156 

1144 

SO. 00 

1160 

337 

143 

175 

1436 

see 

174 

81 

1341 

30. 00 

1201 

466 

138 

301 

1602 

376 

IQS 

170 

1877 

ea oo 

1137 

an 

133 

368 

1496 

430 

• 102 

227 

1354 

sa oo 

1043 

663 

118 

404 

1447 

466 

166 

266 

ms 

80.00 

062 

661 

132 

418 

1270 

463 

148 

368 

1120 



Altitude, 46,000 feet | 

4.30 

1810 

0 

266 

-ase 

1060 

0 

810 

-366 

064 

10.00 

1302 

338 

263 

70 

1381 

277 

307 

—05 

1907 

10.00 

1360 

666 

1(7 

304 

1864 

467 

300 

142 

1409 

10.00 

1201 

668. 

140 

407 

1608 

660 

201 

320 

1491 

4a oo 

1137 

711 

231 

466 

16B3 

686 

381 

260 

1380 

oa oo 

1043 

734 

231 

478 

ion 

606 

200 

278 

1331 

00.00 

062 

716 

211 

478 

1481 

SO 

296 

an 

ms 



233 


ECONOMY OF 18 -CYLINDER RADIAL ENGINE WITH EXHAUST -GAS TURBINE GEARED TO CRANKSHAFT 


The effect on net brake specific fuel consumption of decreas- 
ing the supercharger and turbine efficiencies from 85 to 70 
percent and the gear efficiency from 95 to 85 percent is pre- 
sented in figure 8. These calculations were made for an 
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Frants 8. — Variation of net brake epectfle rttri consumption with mgtn. nrhnnat premie 
for various turbine and supercharger efficiencies. 18-eyUnder radial aircraft engine with, 
grand turbine and supercharger; fuel-air ratio, OJHS; engine speed, 2000 nan; altitude, 
30,000 feet; Inlet-manifold pressure, to Indies of mercury absolute; rarbnretarafr tempera- 
ture, #0* F. 

engine speed of 2000 rpm, an inlet-manifold pressure of 40 
inches of mercury absolute, a fuel-air ratio of 0.063, and an 
altitude of 30,000 feet. The reduction in the efficiencies of 
turbine, supercharger, and gears causes an 1 1-percent increase 
in the minimum net brake specific fuel consumption. This 
percentage change in fuel consumption may be assigned to 
the several changes in component efficiencies as follows; 
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The reduction in fuel consumption possible if the turbine 
were provided with an exhaust nozzle for jet propulsion is 
shown in figure 9. It was assumed that the tail pipe and the 



Flaw 9.— Comparison of net brake spedflcfttel consnmptlon lor engine with geared tnrfrfn* 
with and without Jet propulifoa at Tartan airplane tpeedf and altitudes. 18-eyIIndfir 
radial aircraft engine with pared turbine and supercharger; fnel-ah- ratio, ODBt; engine 
•peed, 2000 rpm; lnlet-manhbld pressure, 40 fnrf m of mercury niwfntA; eKburetorelr 
temp er ature, 90 s F; turbine and auperchaiger effleteneles, SO percent; gear efflde nay, 
00 percent. 


nozzle conserve the turbine-exit velocity with negligible loss. 
Jet propulsion provides an additional reduction in net brake 
specific fnel consumption at 350 miles per hour of 3.2 percent 
at 10,000 feet and 3.7 percent at 30,000 feet. Calculations 
indicated that, for the cases of figure 9, there is little gain in 
decreasing the jet-nozzle area and increasing the engine ex- 
haust pressure. 

The cooling-air pressure drop required to maintain a tem- 
perature of 400° F at the rear spark-plug boss on the average 
cylinder and approximately 450° F on the hottest cylinder 
(assuming JsTACA standard atmosphere) at various exhaust 
pressures and altitudes is given in figure 10. A cross curve 



Fracas 10. — ' Variation of coollng-olr premie drop with engine exhaust preraure at various 
altitudes, is-cyllnder radial aircraft engine with geared turbine and auperchaiger; fuel- 
alr ratio, 0.088; engine speed. K00 rpm; tnlet-manlWd pressure, 40 inches of mercury 
absolute; carburetor-afr temperature, 00° F; allowable average rmr-qpaxk-plug-boss temper- 
ature, 400° F; allowable maximum rrar-apark-phwhora temperature, 400° F; NACA 
standard atmosphere. 

is included to show the pressure drop available at an indicated 
airspeed of 200 miles per hour, assuming that 80 percent of 
the dynamic pressure can be made available for cooling. 

The curves of figure 10 indicate that operation with a high 
exhaust pressure increases the pressure drop required for 
cooling. It is possible to reduce the cooling-air pressure drop 
required, to lessen tendency toward knock, and to increase 
net power with only a gm»H increase in specific fuel consump- 
tion by operating at an exhaust pressure below that required 
for minimum net brake specific fuel consumption. For 
example, figure 7 shows that minimum specific fuel consump- 
tion at an altitude of 30,000 feet is obtained at an exhaust 
pressure of 50 inches of mercury. The following table is & 
comparison of the specific fuel consumption, required cooling- 
air pressure drop, and nn gine power for this exhaust pressure 
and for an exhaust pressure of 42 inches of mercury absolute, 
taken from figures 7 and 10, respectively: 
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The effective turbine-nozzle areas required at various 
engine speeds and exhaust pressures for an inlet-manifold 
pressure of 40 inches of mercury absolute are shown in figure 
1 1 . The areas are almost independent of altitude if super- 
critical flow exists through the turbine nozzles. At an engine 
speed of 2000 rpm and an engine exhaust pressure of 50 
inches of mercury absolute, figure 11 indicates a required 



Fiochi 11. — Variation of lurbfne-Donle ana with engine exhaust preonzreat various engine 
•potda. 18-cylinder radial aircraft engine with geared turbine and supercharger; fuel-air 
ratio, (LOGS; Inlet-manifold pressure, 40 Inches of mercury absolute; catbore tor-air tem- 
perature, 90* F. 

effective turbine-nozzle area of 8 square inches. For an 
exhaust pressure of 42 inches of mercury absolute, the 
required area is 10 square inches. 

It is noted in figure 4 that minimum specific fuel consump- 
tion is obtained at nearly a constant ratio of engine exhaust 
pressure to inlet-manifold pressure. A given turbine-nozzle 
area would provide a nearly constant ratio of engine exhaust 
pressure to inlet-manifold pressure for a given engine speed. 
Hence, a turbine-nozzle area chosen .to give minimum spe- 
cific fuel consumption at one inlet-manifold pressure would 
give minimum specific fuel consumption at other inlet- j 


manifold pressures at the samo engine speed. Figure 11 
indicates that the required turbino-nozzlo area to hold a con- 
stant ratio of engine exhaust pressure to inlet-manifold 
pressure increases nearly proportionately with engine speed. 

DISCUSSION OP OPERATION 

The characteristics of conventional aircraft engines, 
superchargers, and exhaust-gas turbines arc such that a 
given set of elements can be made to match for compound 
operation over only a limited range of engine and flight con- 
ditions. A full discussion of tlu* operating problems of a 
compound engine that will give maximum efficiency over the 
entire operating range is beyond the scope of this report; 
nevertheless, a compromise that can bo used to obtuin the 
benefits of compound-engine operation over a range of 
cruising conditions will be discussed. 

It is assumed that on each engine two turbosuperchargers 
are connected by parallel ducts with a modification that |kt- 
znits all the exhaust gas to be passed through only one of the 
turbosuperchargers and a clutch and gear train to connect 
that turbosupercharger to the engine crankshaft. At high 
engine speeds, both turbosuperchargers are free and operate 
in parallel. At low engine speeds, both are free but only one 
is required to supercharge the engine. At medium engine 
speeds, only one turbosupercharger is used and it is geared 
to the engine crankshaft and operates with a high nozzle-box 
pressure to provide extra power for the propeller. 

For example, a system designed for geared operation with 
maximum economy at the following conditions is considered: 


Engine speed, rpm .2000 

Inlet-manifold pressure, inches mercury absolute . 40 

Altitude, feet 30,000 


At these conditions, a turbine with a dosed waste gale and 
an effective nozzle area of 10 square indies will produce an 
engine exhaust pressure of 42 inches of mercury absolute and, 
according to figure 7, will give a net brake specific fuel con- 
sumption very dose to the minimum. For expansion from 
42 inches of mercury absolute to atmospheric pressure at an 
' altitude of 30,000 feet, the theoretical turbine -nozzle dis- 
charge velocity is 3115 feet per second. For a turbinc- 
whed pitch-line vdocity of 1200 feet per second, the cor- 
responding blade-to-jet speed ratio is 0.385, which gives an 
effideney close to the peak value for a single-stage impulse 
| turbine. * The turbine should be equipped with a gear train 
to provide Ike correct pitch-line vdocity at an engine Bpecd 
of 200b'rpm. 

With tl^e same engine speed and inlet-manifold pressure at 
lower altitudes, engine exhaust pressure remains at 42 inches 
of mercury absolute down to the altitude at which the pres- 
sure ratio across the turbine nozzlos is suhcriticnl and then 
increases to approximatdy 44 inches of mercury absolute at 
sea level. The turbine-nozzle disdiarge velocity is reduced 
to 1660 feet per second and at constant engine speed the 
corresponding blade-to-jet speed ratio is 0.723, giving a low 
, turbine efficiency. Also the inlet-manifold pressure pro- 
' vided by the engined tage supercharger and the geared turbo- 
supercharger increases with & reduction in altitude, and 
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throttling of the superchargers is necessary. At some low 
altitude, the loss of turbine efficiency, the waste of super- 
charger power, and excessive heating of the charge would 
make it advantageous to dedutch the turbosupercharger. 

Efficient cruise operation at altitudes lower than 30,000 
feet can be obtained by slightly reducing the engine speed 
without changing the ratio with which the turbosupercharger 
is geared. Little throttling of the supercharger would then 
be necessary, the turbine efficiency would be near its peak, 
and over a wide range of altitudes the engine exhaust pressure 
could be maintained at a high enough value to realize a sub- 
stantial decrease in net brake specific fuel consumption. 

At high altitudes and at engine speeds considerably lower 
than 2000 rpm, the geared turbosupercharger (designed 
for the conditions listed) operates at too low a speed and 
is unable to maintain the required carburetor-air pressure. 
At very high engine speeds (relative to 2000 rpm) at all 
altitudes, the turbosupercharger tip speeds exceed the safe 
value. For both these cases the turbosupercharger should be 
declutched and operated as a free turbosupercharger. 

The range of satisfactory compound operation could be 
greatly increased by the use of a variable gear ratio between 
the engine and the turbosuperoharger, variable turbine- 
nozzle area, and variable diffuser vanes to prevent super- 
• charger surge, but these features require considerable 
development. 

Although current equipment cannot be combined to give 
satisfactory compound operation over the entire range of 
engine speeds, the foregoing discussion indicates that reduc- 
tions as great as 21 percent in the minimum brake specific 
fuel consumption at which the engine can cruise can be 
attained over a narrow range of engine speeds by the addition 
of a clutch between the engine and one turbosupercharger ; 
the turbosupercharger can be connected to the engine at these 
speeds and disengaged at other speeds. 

SUMMARY OF RESULTS 

Calculations, based on test data for an 18-cylinder radial 
aircraft engine having a 2804-cubic-inch displacement and 
40° valve overlap, gave the following results concerning 
operation of the engine with a, geared exhaust-gas turbine and 
supercharger: 

1. Specific fuel consumption decreased with a decrease in 
fuel -air ratio to a fuel-air ratio in the neighborhood of 0.003. 

2. Specific fuel consumption decreased with increase in 
inlet-manifold pressure for a constant fuel-air ratio. 

3. Minimum specific fuel consumption was obtained at the 
maximum inlet-manifold pressure for knock-free operation 
at a fuel-air ratio of about 0.063. Any appreciable increase 
in fuel-air ratio to avoid knock had a greater adverse effect 
on economy than the favorable effect of the corresponding 
permissible increase in inlet-manifold pressure. 


4. M inimum specific fuel consumption of this combination 
occurred at an engine speed of 2000 rpm for the engine 
under consideration. 

5. The net brake specific fuel consumption of the combina- 
tion was a minimum for engine exhaust pressure approxi- 
mately 26 percent above inlet-manifold pressure and varied 
only sli gh tly from the -minimum for a range of exhaust pres- 
sures from 5 to 46 percent above inlet-manifold pressure. 

6. The minimum net brake specific fuel consumption of 
the combination at an engine speed of 2000 rpm, a fuel- 
air ratio of 0.063, an inlet-manifold pressure of 40 inches of 
mercury absolute, and with turbine and supercharger effi- 
ciencies of 86 percent was 0.323 pound per brake horsepower- 
hour at 30,000 feet and 0.367 pound per brake horsepower- 
hour at 10,000 feet. 

7. A reduction in turbine and supercharger efficiencies 
from 86 to 70 percent and a reduction in gear efficiency from 
95 to 86 percent resulted in an 11-percent increase in the 
minimum brake specific fuel consumption at 30,000 feet 
and at the same engine conditions. 

8. The effective tui bine-nozzle area required at an engine 
speed of 2000 rpm to maintain the optimum ratio of 
engine exhaust pressure to inlet-manifold pressure for mini- 
mum specific fuel consumption of this engine combination 
was approximately 8 square inches at all altitudes. The 
required nozzle area increased with engine speed. 

9. The provision of an exhaust nozzle to conserve the 
turbine-exhaust velocity for jet propulsion would allow an 
additional reduction in fuel consumption at an airplane speed 
of 350 miles per hour of 3.2 percent at 10,000 feet and 3.7 
percent at 30,000 feet. 

10. The reduction in net brake specific fuel consumption 
possible with this system, as compared with the usual 
ungeared-turbosupercharger arrangement, was approximate- 
ly 14 percent at 10,000 feet and 21 percent at 30,000 feet. 

11. The engine cylinder temperature increased with 
increase in engine exhaust pressure. Cooling considerations 
may therefore necessitate the choice of an engine exhaust 
pressure somewhat lower than optimum, with a small sacri- 
fice in economy. 
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